Introduction
============

Epilepsy is the most common chronic neurologic disorder in the pediatric population. The incidence of epilepsy in childhood is approximately 40--100 cases per 100,000 individuals per year, with the highest incidence in the first year of life \[[@b1-kjp-2019-00871],[@b2-kjp-2019-00871]\]. Although the long-term outcome is reasonably favorable with nearly twothirds of patients in terminal remission, approximately one-third of children have drug-resistant epilepsy \[[@b3-kjp-2019-00871]\]. Among these patients, especially those with focal epilepsy, surgical treatment aiming to remove the epileptogenic foci may be the only available option to achieve a seizure-free status. The role of neuroimaging in epilepsy is detecting structural abnormalities that may be related to epilepsy and provide information for acute and long-term treatment planning and about prognosis \[[@b4-kjp-2019-00871],[@b5-kjp-2019-00871]\]. Recent advances in neuroimaging techniques have allowed the possibility of defining the subtle structural abnormalities that might cause epilepsy and predicting and reducing neurologic impairment after surgical resection. Furthermore, methodologies to define functional connectivity, which may be related to the comorbidity of epilepsy and seizure outcome, have also rapidly progressed.

In this review, we explore the recent developments in neuroimaging techniques for evaluating pediatric epilepsy with a focus on the acquisition method, postprocessing analysis, and multidisciplinary approach using various neuroimaging modalities. We divide these tools into structural neuroimaging, which examines the structure of the nervous system, and functional neuroimaging, which measures an aspect of human brain function based on localized changes in brain metabolism related to neural activity.

Structural neuroimaging in epilepsy
===================================

Although computed tomography (CT) can rapidly rule out an intracranial hemorrhage or a mass requiring urgent neurosurgical attention, magnetic resonance imaging (MRI) has become an essential imaging modality to identify epileptogenic lesions because of its superior depiction of the brain anatomy and tissue composition \[[@b6-kjp-2019-00871]\]. Patients with a normal CT scan should undergo further evaluations since MRI can identify certain epileptogenic lesions in 8%--12% of patients with normal CT results \[[@b7-kjp-2019-00871]-[@b9-kjp-2019-00871]\]. Nevertheless, subtle abnormalities such as a malformation of cortical development and hippocampal sclerosis are often not identified with the current resolution and standard MRI protocol. Finally, a diagnosis is often confirmed in postoperative histopathology that was not detected on MRI \[[@b10-kjp-2019-00871]\].

The sensitivity of MRI examinations can be improved using epilepsy-specific MRI protocols interpreted by neuroradiologists with the awareness of clinical focus hypotheses. Von Oertzen et al. \[[@b11-kjp-2019-00871]\] found that the sensitivity of "nonexpert" reports of standard MRI for focal lesions, "expert" reports of standard MRI, and epilepsy-dedicated MRI were 39%, 50%, and 91%, respectively. These results suggest that patients with drug-resistant epilepsy showing negative results on a standard MRI protocol should undergo MRI using a dedicated epilepsy protocol, and more training is needed to increase neuroradiologist awareness of a clinical focus hypothesis. Epilepsy-specific MRI protocols have been proposed in several studies \[[@b12-kjp-2019-00871]-[@b14-kjp-2019-00871]\]. A study of 2,740 surgical patients with epilepsy determined "essential 6" sequences for the detection of virtually all common epileptogenic lesion entities ([Table 1](#t1-kjp-2019-00871){ref-type="table"}) \[[@b12-kjp-2019-00871]\]. An epilepsy-specific MRI protocol generally includes 3-dimensional (3D) T1-weighted volumetric acquisition, T2weighted images, fluid-attenuated inversion recovery (FLAIR), and hemosiderin- and calcium-sensitive sequences such as gradient echo (GRE) and susceptibility weighted imaging (SWI). GRE and SWI sequences are useful for detecting posttraumatic changes, remote hemorrhage, multiple cavernomas, or calcification in cortical tubers and subependymal nodules in tuberous sclerosis or calcification in low-grade tumors. The 3D T1-weighted volumetric acquisition using 1-mm isotropic voxels enables image reconstruction in any plane and allows the excellent assessment of cortical thickness and delineation between the gray-white matter, particularly in focal cortical dysplasia (FCD) \[[@b15-kjp-2019-00871]\]. Furthermore, using these sequences, a variety of postprocessing techniques such as volumetric and morphometric analyses are available \[[@b16-kjp-2019-00871]\]. An epilepsy-specific MRI protocol must include several cut-plane orientations, i.e., standard axial, coronal, and sagittal planes, to prevent the misinterpretation of partial volume effects or oddly cut physiologic structures. An acquisition plane perpendicular to the long axis of the hippocampus could improve the detection of hippocampal sclerosis and temporal encephaloceles, which are often missed in other planes. The routine administration of gadolinium contrast provides little advantage in children with new-onset epilepsy; nevertheless, contrast should be given in cases of suspected tumors, inflammation, infection, or vascular malformation \[[@b12-kjp-2019-00871], [@b14-kjp-2019-00871]\].

A special sequence should be considered for patients younger than 2 years of age because of immature myelination. In infants younger than 1 year of age, FLAIR and proton density sequences are less helpful due to inadequate myelin maturation. However, it should be replaced by high-resolution T2-weighted and 3D T1-weighted (less useful \<1 year) images \[[@b17-kjp-2019-00871]\]. In addition, FCD shows various characteristics depending on the developmental stage of myelination of the lesion and surrounding brain. In patients under 2 years of age, some FCD lesions may show a high T2 or FLAIR signal and a lower T1 signal due to secondary demyelination, dysmyelination, or gliosis \[[@b18-kjp-2019-00871]\]. Other lesions show lower T2 and higher T1 signals, which are thought to be secondary to early myelination and subsequently disappear as myelination progresses \[[@b19-kjp-2019-00871],[@b20-kjp-2019-00871]\]. In cases of negative MRI findings during infancy, repeating imaging is recommended at 6-month intervals or after 24 months when more mature myelination can reveal otherwise unsuspected cortical dysplasia \[[@b14-kjp-2019-00871],[@b19-kjp-2019-00871]\]. Similarly, lesions such as cortical tubers in tuberous sclerosis and Sturge-Weber syndrome may be more evident on follow-up imaging.

Advances in structural neuroimaging
===================================

1. Ultra-high-field MRI
-----------------------

The detection rate of subtle epileptic lesions is also affected by the magnetic field strength. Three Tesla (3 T) MRI is thought to be more sensitive to subtle epileptic lesions in some patients who are MRI-negative at 1.5 T \[[@b21-kjp-2019-00871]-[@b23-kjp-2019-00871]\], especially when phased array surface coils are used \[[@b24-kjp-2019-00871]\]. Furthermore, the use of ultra-highfield (7 T) MRI has increased for in vivo brain imaging, offering a higher signal-to-noise ratio (SNR) and contrast-to-noise ratio, which can result in higher spatial resolution. Compared with conventional field-strength MRI (1.5--3 T), the diagnostic value of 7 T MRI has been demonstrated for polymicrogyria \[[@b25-kjp-2019-00871]\], moyamoya disease \[[@b26-kjp-2019-00871]\], hippocampal sclerosis \[[@b27-kjp-2019-00871]\], brain tumors \[[@b28-kjp-2019-00871]\], stroke \[[@b29-kjp-2019-00871]\], and multiple sclerosis ([Fig. 1](#f1-kjp-2019-00871){ref-type="fig"}) \[[@b30-kjp-2019-00871]\]. In a prospective study, 7 T MRI was performed for 21 consecutive patients (17 adults, 4 children) with a single seizure onset zone who were previously considered MRI-negative. GRE and FLAIR images revealed a distinct lesion in 29% of patients (1 child), with the histopathological diagnosis of FCD in all patients who underwent surgical resection \[[@b31-kjp-2019-00871]\]. Nevertheless, there are few reports of the clinical application of 7 T MRI in pediatric epilepsy \[[@b31-kjp-2019-00871],[@b32-kjp-2019-00871]\]. High cost, increased susceptibility artifacts, image inhomogeneity, and patient comfort and safety problems including increased radiofrequency power deposition, dizziness, nausea, and metallic taste must be considered when using ultra-high-field MRI in clinical practice for pediatric epilepsy \[[@b33-kjp-2019-00871]\].

2. Diffusion tensor imaging
---------------------------

Diffusion tensor imaging (DTI) has been reported to better visualize the white matter fiber tracts by estimating the direction, orientation, and anisotropy of the white matter fiber tract based on the differential mobility of water molecules along versus perpendicular to the fiber bundles. DTI tractography can delineate 3D-specific white matter tracts from the preferential selection of anisotropic water diffusion by connecting fibers that pass through anatomically placed regions of interest. This technique can be useful for evaluating white matter tract alterations associated with epilepsy \[[@b34-kjp-2019-00871],[@b35-kjp-2019-00871]\]. It can also be used as a presurgical evaluation tool to avoid eloquent pathways such as the corticospinal tract for motor function, optic radiation for conveying visual information, or arcuate fasciculus for language, particularly in children for whom invasive presurgical evaluation is challenging ([Fig. 2](#f2-kjp-2019-00871){ref-type="fig"}) \[[@b36-kjp-2019-00871]-[@b38-kjp-2019-00871]\]. DTI has also been used to visualize the functional connectivity of seizure tracts by developing a topographical map of seizure network nodes \[[@b39-kjp-2019-00871]\]. However, tractography has its limitations, i.e., it tends to have high variability and low reliability depending on technical factors such as data acquisition, fiber modeling, fiber reconstruction, and expert interpretation including choices of seed regions and stopping thresholds \[[@b40-kjp-2019-00871]\]. In addition, in tractography, each voxel is considered as a single diffusion compartment even though it could be a combination of white matter, gray matter, and cerebrospinal fluid (CSF). The neurite orientation dispersion and density imaging (NODDI) technique were recently proposed to overcome this limitation. This technique assumes that each voxel is a combination of intracellular, extracellular, and CSF components. This model allows the determination of individual contributions of free water (CSF), neurite density (axons and dendrites), and orientation dispersion (myelination) for fractional anisotropy, one of the parameters of DTI. In a preliminary study, NODDI was used to detect subtle FCD by identifying reduced intracellular volume fraction, a marker of neural density, in the FCD lesion ([Fig. 3](#f3-kjp-2019-00871){ref-type="fig"}) \[[@b41-kjp-2019-00871]\].

3. Postprocessing of structural neuroimaging in nonlesional epilepsy
--------------------------------------------------------------------

Although a visual inspection of high-resolution MRI can improve the detection of subtle epileptogenic lesions such as hippocampal sclerosis and FCD, a conventional visual analysis has limited ability to recognize the presence and extension of subtle lesions. Advanced MRI postprocessing techniques have been developed to identify subtle structural abnormalities by quantifying the anatomic features of the brain without the need for time-consuming manual measurements or subjective visual assessments.

Voxel-based morphometry (VBM), the most popular morphometric technique to date, can be used for T1-weighted images to extract gray matter and white matter maps for comparison with a normal control database. The use of VBM has indicated that lesions with increased gray matter concentration are in agreement with FCD lesions visible on MRI in 63%--87% of cases \[[@b42-kjp-2019-00871]-[@b44-kjp-2019-00871]\]. VBM also allows the enhanced visualization of FCD with a junction map to highlight blurring of the gray-white matter boundary and an extension map to delineate abnormally deep sulci ([Fig. 4](#f4-kjp-2019-00871){ref-type="fig"}) \[[@b45-kjp-2019-00871]\]. Surface-based morphometry techniques reconstruct the cortical surface and allow the measurement of morphologic features such as cortical thickness, curvature, and depth and texture features (blurring of the gray-white matter boundary) to detect the abnormal gyral and sulcal patterns of FCD that could not be detected on VBM \[[@b46-kjp-2019-00871]\]. T2 relaxometry refers to the quantitative measurement of T2 relaxation times in the brain. This method is useful for detecting signal changes in hippocampal sclerosis in combination with hippocampal atrophy detected by automated volumetry in temporal lobe epilepsy \[[@b47-kjp-2019-00871],[@b48-kjp-2019-00871]\].

Various methods of structural postprocessing analysis have been described in detail in the literature \[[@b16-kjp-2019-00871],[@b49-kjp-2019-00871]\]. Hong et al. \[[@b50-kjp-2019-00871]\] recently reported that an automated classifier relying on surfacebased features of FCD morphology and intensity detected FCD type II in 14 of 19 MRI-negative patients with 74% sensitivity and 100% specificity. In the future, the automated detection of subtle lesions by morphometry and machine learning methods with structural imaging data showed a promising role in presurgical decision-making about the epileptogenic zone in patients previously regarded as MRI-negative \[[@b51-kjp-2019-00871]\].

Functional neuroimaging in epilepsy
===================================

1. Localization of epileptic activity
-------------------------------------

In patients without definite abnormalities on conventional MRI, functional neuroimaging may aid our understanding of the mechanisms underlying the epileptic process, leading to a more accurate localization of abnormal neuronal activities by measuring in vivo perfusion, metabolic changes, or neurotransmission abnormalities associated with the seizure. In fact, 18F-fluorodeoxyglucose (FDG)-positron emission tomography (PET) is the most widely used modality for detecting focal areas of relative hypometabolism, which may reflect functional disturbances in cerebral activity associated with the epileptogenic zone. The regional cerebral hypometabolism identified by FDG-PET often has a wider distribution than that of the seizure focus, which can represent the focus and the projection areas of seizure activity \[[@b52-kjp-2019-00871]\]. This could determine the extent of resection difficulty. FDGPET is also a useful tool for predicting seizure control after epilepsy surgery; the extent of resection of the hypometabolism on FDG-PET may be associated with better a postoperative seizure outcome \[[@b53-kjp-2019-00871]-[@b55-kjp-2019-00871]\].

Single-photon emission computed tomography (SPECT) is a nuclear imaging modality that can show the cerebral perfusion before, during, and after a seizure using a radioactive tracer. To increase its sensitivity, the subtraction of interictal from ictal SPECT coregistered to MRI techniques is used to complement visual interpretation to identify subtle seizure-associated changes. However, the delayed injection of the tracer and a short seizure duration can result in a variable pattern of perfusion changes according to the seizure propagation rather than the seizure onset zone. Therefore, the use of PET or SPECT in the peri-ictal period is often difficult in the pediatric population due to the requirement for a separate evaluation and administration of radiopharmaceuticals.

Arterial spin labeling (ASL) is a perfusion MRI technique that assesses cerebral blood flow by magnetically labeling inflowing blood water as an endogenous tracer \[[@b56-kjp-2019-00871]\]. By comparing the signal difference between labeled and control images, ASL can identify peri-ictal perfusion abnormalities and provide complementary information about the seizure onset zone. The perfusion map obtained from ASL corresponds well to PET imaging and electroencephalography (EEG) results of intractable epilepsy \[[@b57-kjp-2019-00871],[@b58-kjp-2019-00871]\]. Although ASL suffers from a relatively low SNR, advantages such as noninvasiveness, easy accessibility, high reproducibility, and the absence of intravenous contrast agents make it particularly suitable for pediatric epilepsy. In our study, 24 of 36 (66.7%) children with focal seizures showed ASL abnormalities during the post- or interictal periods; of them, 19 (52.8%) showed concordance between ASL and clinical seizure focus ([Fig. 5](#f5-kjp-2019-00871){ref-type="fig"}) \[[@b59-kjp-2019-00871]\].

2. Mapping of eloquent brain function
-------------------------------------

Functional MRI (fMRI) is based on the principle that metabolically active regions of the brain have increased blood flow, known as activation-flow coupling. It is used to identify blood oxygenation level-dependent (BOLD) signals, which are determined by the local concentration of deoxygenated and oxygenated hemoglobin in response to neural activities. Recently, fMRI has become a promising noninvasive alternative technique to the Wada test (intracarotid amobarbital test) in the adult population to guide the resection plan by identifying critical areas of the brain near the seizure focus and minimize the risk of new deficits \[[@b60-kjp-2019-00871]\]. The patient is asked to perform a series of tasks during a task-based fMRI study. Although strong preliminary evidence shows that fMRI can be used to lateralize and localize language and motor function in pediatric epilepsy surgery candidates, functional mapping via task-based fMRI is challenging in children due to a lack of cooperation, developmental immaturity, and age-dependent cerebral plasticity \[[@b61-kjp-2019-00871]\]. Furthermore, it remains unclear which language and memory tasks produce optimal activation and how it is statistically quantified. Further studies specifically targeting pediatric epilepsy populations are needed. Resting-state fMRI has been used to localize the eloquent cortex by identifying specific brain resting-state networks for presurgical planning in patients who may not be able to cooperate in a taskbased paradigm \[[@b62-kjp-2019-00871],[@b63-kjp-2019-00871]\].

Advances in functional neuroimaging
===================================

Functional MRI is a hemodynamic imaging method that lacks the temporal resolution of EEG. The combination of EEG with fMRI (EEG-fMRI) allows the detection of BOLD signal changes related to ictal or interictal epileptic discharges (IEDs). EEG-fMRI has been used to follow propagation of the seizure and seizure foci in real-time across the brain and finally delineate the epileptogenic network of focal and generalized epilepsy \[[@b64-kjp-2019-00871]\]. Furthermore, functional connectivity analyses using EEG-fMRI can identify the real-time effect of IEDs on cognition \[[@b65-kjp-2019-00871]\] and predict the surgical outcome of epilepsy \[[@b66-kjp-2019-00871]\]. However, collecting EEG-fMRI recordings in some children is challenging due to a lack of cooperation, and various factors including sedation, age, sleep, and the effect of antiepileptic drugs on hemodynamic parameters should be further investigated \[[@b64-kjp-2019-00871]\].

Magnetoencephalography (MEG) records the magnetic fields generated by synchronized neural activities of the brain with excellent spatial and temporal resolution. The strength of MEG is that the magnetic field flux is not distorted by muscle artifacts or materials that lie between the brain and recording devices. MEG has been used to detect the exact location of sources and superposition them on brain MRI, known as magnetic source imaging. Its accuracy for localizing the irritative zone is comparable to electrocorticography, ictal SPECT, or PET \[[@b67-kjp-2019-00871]-[@b69-kjp-2019-00871]\]. However, it has limitations for detecting neural activities from deeper sources with a radial orientation; nevertheless, its combined use with EEG could improve the accuracy of source localization and identification of propagated activity \[[@b70-kjp-2019-00871]\]. In addition, MEG functional mapping is promising for pediatric patients who cannot undergo intraoperative cortical mapping \[[@b71-kjp-2019-00871]\].

Conclusion
==========

In recent years, the field of neuroimaging has undergone considerable development. Although many of the imaging techniques described here are still considered preliminary, the increased availability of ultra-high-field imaging, advanced imaging technology, and postprocessing analysis will improve the detection of subtle lesions that underlie refractory focal epilepsy. A combined approach using several structural and functional neuroimaging datasets in a machine learning model may play an essential role in noninvasively localizing the epileptogenic foci for possible surgical resection. Furthermore, functional neuroimaging modalities such as fMRI and MEG can be used as alternatives to the Wada test to elucidate eloquent structures for preventing postoperative neurologic deficits. Continued advances in neuroimaging will enhance our understanding of the epileptic network and guide therapeutic strategies to achieve better outcomes.
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![(A) Comparison of 3 T and 7 T coronal fast spin-echo images in patients with mesial temporal lobe epilepsy. Subtle left hippocampal abnormalities are visualized in greater detail in the 7 T image. (B) In a second patient with mesial temporal lobe epilepsy, a loss of gray matter in the left hippocampus is detected on 7 T (white arrow) but not 3 T images. Adapted from Balchandani and Naidich. AJNR Am J Neuroradiol 2015;36:1204-15 \[[@b33-kjp-2019-00871]\].](kjp-2019-00871f1){#f1-kjp-2019-00871}

![Optic radiation tractography. (A--C) Preoperative tractography showing the optic radiation passing inferomedially to the left parietal focal cortical dysplasia (crosshair) on a T1-weighted image. (D) Postoperative T1-weighted image with overlaid preoperative tractography showing no damage. Visual fields are normal. Adapted from Winston et al. Epilepsia 2011;52:1430-8 \[[@b36-kjp-2019-00871]\].](kjp-2019-00871f2){#f2-kjp-2019-00871}

![Neurite orientation dispersion and density imaging (NODDI) for the detection of focal cortical dysplasia (FCD). The FCD (circle) is defined poorly on volumetric T1- (A) and T2-weighted coronal oblique (B) images and on standard diffusion images including fractional anisotropy (C) and mean diffusivity (D) maps. However, it is clearly visible as reduced intracellular volume fraction on NODDI (E). Adapted from Winston et al. Epilepsy Res 2014;108:336-9 \[[@b41-kjp-2019-00871]\].](kjp-2019-00871f3){#f3-kjp-2019-00871}

![Application of a voxel-based image postprocessing method. (A) Right frontomesial focal cortical dysplasia (FCD) was not detected by conventional visual analysis; however, it was clearly visible on the junction image (blurred gray-white matter junction) and extension image (gray matter extending abnormally into the white matter). (B) FCD IIa located at the bottom of the left superior frontal sulcus with a moderate abnormality visible on the junction image; however, no abnormality was visible on the extension, T1-weighted, or fluid-attenuated inversion recovery images. Adapted from Wagner et al. Brain 2011;134(Pt 10):2844-54, with permission from Oxford University Press \[[@b45-kjp-2019-00871]\].](kjp-2019-00871f4){#f4-kjp-2019-00871}

![Arterial spin labeling (ASL) perfusion magnetic resonance image (MRI) taken at 1 day after seizure onset. A 7-year-old girl presented with a focal dyscognitive seizure. Her interictal electroencephalography (EEG) results were normal. Axial T2-weighted images (A, E), diffusion-weighted images (B, F), and apparent diffusion coefficient images (C, G) showed no abnormal focal lesions in the brain parenchyma. ASL perfusion MRI (D, H) revealed hypoperfusion in the left frontotemporal lobes (arrows). In this patient, the clinical seizure focus was in the left frontotemporal area. Reprinted from Lee et al. Seizure 2019;65:151-8, with permission from Elsevier Ltd \[[@b59-kjp-2019-00871]\].](kjp-2019-00871f5){#f5-kjp-2019-00871}

###### 

Epilepsy outpatient-specific magnetic resonance imaging protocol: the "essential 6" sequences

  Sequence    Slice thickness (no gap)                                 Cut-plane orientation   Cut-plane angulation
  ----------- -------------------------------------------------------- ----------------------- -----------------------------------------------------
  3D-T1       1 mm isotropic                                           3D                      AC-PC
  T2/STIR     ≤3 mm                                                    Axial                   HC
  T2/ STIR    ≤3 mm                                                    Coronal                 HC
  FLAIR       ≤3mm^[a)](#tfn1-kjp-2019-00871){ref-type="table-fn"}^    Axial                   HC
  FLAIR       ≤3 mm^[a)](#tfn1-kjp-2019-00871){ref-type="table-fn"}^   Coronal                 HC
  Hemo/calc   ≤3 mm                                                    Axial                   HC^[b)](#tfn2-kjp-2019-00871){ref-type="table-fn"}^

The above protocol is for a 1.5-T scanner. On a 3-T scanner, the slice thickness can be further decreased. The field of view of all sequences must cover the entire brain.

3D-T1, 3-dimensional T1; AC-PC, anterior commissure-posterior commissure; STIR, short T1 inversion recovery; HC, hippocampus; FLAIR, fluid-attenuated inversion recovery; Hemo/calc, hemosiderin- and calcium-sensitive.

1-mm isotropic 3D-FLAIR.

The ideal angulation of axial hemo-calc sequences is subject to further investigation.

Adapted from Wellmer et al. Epilepsia 2013;54:1977-87, with permission from John Wiley and Sons. \[[@b12-kjp-2019-00871]\]
